The optical parameters of three ZnTe crystal wafers of different thicknesses were determined using transmittance measurements of continuous-wave terahertz radiation from a two-color photomixing source. The parameters are extracted by fitting the transmittance data with theoretical curves generated using a Drude-Lorentz dielectric model of the crystal and a bootstrap statistical analysis of the fits. It was found at room temperature that the low and high frequency dielectric constants are ϵ(0) = 9.8±0.2 and ϵ(∞) = 7.3±0.6, respectively. The transverse optical phonon frequency was found to be νTO = 6.0±1.3 THz. Sample specific properties such as the plasma, collision, and phonon damping frequencies were determined and used for an approximate calculation of carrier concentration. The results are compared with a comprehensive review of earlier values from the literature. Our results are consistent with previous work, falling within the spread of accepted values, and demonstrate that this method is particularly suited for determining the low and high frequency dielectric constants of semiconductor samples. The optical parameters of three ZnTe crystal wafers of different thicknesses were determined using transmittance measurements of continuous-wave terahertz radiation from a two-color photomixing source. The parameters are extracted by fitting the transmittance data with theoretical curves generated using a Drude-Lorentz dielectric model of the crystal and a bootstrap statistical analysis of the fits. It was found at room temperature that the low and high frequency dielectric constants are ð0Þ ¼ 9:8 6 0:2 and ð1Þ ¼ 7:3 6 0:6, respectively. The transverse optical phonon frequency was found to be TO ¼ 6:0 6 1:3 THz. Sample specific properties such as the plasma, collision, and phonon damping frequencies were determined and used for an approximate calculation of carrier concentration. The results are compared with a comprehensive review of earlier values from the literature. Our results are consistent with previous work, falling within the spread of accepted values, and demonstrate that this method is particularly suited for determining the low and high frequency dielectric constants of semiconductor samples. V C 2012 American Institute of Physics.
Optical parameters of ZnTe determined using continuous-wave terahertz radiation The optical parameters of three ZnTe crystal wafers of different thicknesses were determined using transmittance measurements of continuous-wave terahertz radiation from a two-color photomixing source. The parameters are extracted by fitting the transmittance data with theoretical curves generated using a Drude-Lorentz dielectric model of the crystal and a bootstrap statistical analysis of the fits. It was found at room temperature that the low and high frequency dielectric constants are ð0Þ ¼ 9:8 6 0:2 and ð1Þ ¼ 7:3 6 0:6, respectively. The transverse optical phonon frequency was found to be TO ¼ 6:0 6 1:3 THz. Sample specific properties such as the plasma, collision, and phonon damping frequencies were determined and used for an approximate calculation of carrier concentration. The results are compared with a comprehensive review of earlier values from the literature. Our results are consistent with previous work, falling within the spread of accepted values, and demonstrate that this method is particularly suited for determining the low and high frequency dielectric constants of semiconductor samples. The rapid development of optoelectronics for use in terahertz (THz) emission and detection in recent years has led to the development of new technologies based on a variety of different materials. 1 Of particular interest is the II-VI polar semiconductor zinc telluride (ZnTe), which exhibits birefringence when illuminated with THz radiation. 2, 3 The magnitude of the birefringence is dependent on the incident THz power, which in turn can be monitored using optical sampling, hence forming a THz detector system. 4 Conversely a high-powered optical pulse incident on a ZnTe crystal will experience nonlinear effects, which can produce THz radiation. [2] [3] [4] [5] For device applications such as this, it is important that accurate values of the optical parameters are known. While the various properties of ZnTe have been investigated for some time, [6] [7] [8] [9] [10] [11] there is still considerable discrepancy between the results in the literature. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In this article we present new measurements for the optical parameters of ZnTe by performing transmittance measurements with theoretical fits in the THz range. THz radiation is particularly useful for characterizing semiconductor materials due to its strong coupling with the free electrons and phonon interactions of the material. 22, 24 To perform these measurements we use a two-color photomixing THz source as a tunable continuous-wave THz spectrometer to measure the transmittance at normal incidence of three ZnTe crystal wafers with different thicknesses. By fitting a theoretical transmittance curve to the experimental data using a DrudeLorentz model of the dielectric function and performing a statistical bootstrap analysis of the fits, the various optical parameters are determined. We present this information in summary with results given in the literature in order to provide a reference for the parameters of ZnTe.
In contrast to traditional electrical transport measurements, 6 this method does not require the attachment of electrodes, potentially damaging the sample. Previous optical methods for characterizing ZnTe have had success using far infrared interference and grating spectrometers and applying Drude dispersion theory or the Kramers-Kronig dispersion relation.
14 However, these measurements often require either thin film samples for transmission measurements or complicated optical setups for reflection measurements. 13, 14, 22 THz time-domain spectroscopy measurements performed more recently have had success using transmission measurements due the low absorption of THz frequencies by ZnTe crystals. 20, 21 However such setups have large startup costs due to the requirement of femtosecond lasers for their operation. As photomixing technologies continue to be improved, through development of new materials able to photomix efficiently using telecommunication wavelengths, 25 such two-color systems will prove to be more widely accessible.
II. THEORY
Starting with Maxwell's equations and treating the sample as an insulator, the dispersion relation inside the crystal for a single mode in one dimension can be represented as a function of the angular frequency of the incident THz radia-
where both the wave number, k, and the angular frequencydependent dielectric function, ðxÞ, are complex and c is the speed of light. In solving Maxwell's equations, when considering the crystal polarization and current density, it is found a)
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where ð1Þ is the high frequency dielectric constant, also referred to as the optical, lattice, or ac dielectric constant, ð0Þ is the low frequency dielectic constant and is also known as the static or dc dielectric constant, x p is the angular plasma frequency (x 2 p ¼ ne 2 =m Ã 0 ð1Þ), x TO is the angular transverse optical phonon frequency, c is the plasma damping constant or collision frequency, and C is the phonon damping constant. The first term we call the atomic term as it results from the displacement of the atomic electrons in relation to their effectively stationary ions in the lattice. The second term comes from the Drude model assumption of the motion of free electrons with respect to the lattice. The final term, known as the Lorenz term, represents the oscillation of the positive Zn ions relative the negatively charged neighboring Te ions.
It is convenient, when working with a complex dielectric function, to separate the real and imaginary parts by defining
where
and 2 ¼ ð1Þx
We give the same treatment to the complex wave number, defining
Here, N is the complex index of refraction, a determines the wavelength ðk 2p=aÞ, and b determines the attenuation length ðf 1=bÞ. Relating this to the dispersion relation (Eq. (1)) gives
and
where jj ð
The propagation of linear polarized THz radiation through the ZnTe samples at normal incidence is described by standard Fabry-Perot theory. The theoretical transmissivity is calculated by summing the multiple internal reflections from each face of the sample wafer, which are themselves described by the Fresnel equations. In doing so we find that the transmissivity is given by
where r ¼ jrje i/ r is complex and given by the Fresnel equations for an infinite half-space at normal incidence. d ¼ kd ¼ ða þ ibÞd represents the phase difference and absorption between successive internal reflections, with d the sample thickness. The magnitude and phase of the infinite half space reflection coefficient are given by
To find the observable transmittance we take T ¼ ss Ã , where T ¼
is the ratio of the transmitted radiation with the incident radiation. Expanding and simplifying through both the numerator and denominator gives
Substituting back through Eqs. (4), (5), (7), (8), (10), and (11) gives T as a function of x; ð0Þ; ð1Þ; x p ; x TO ; c; C, and d.
III. METHOD A. Experiment
The transmittance measurements are performed using a frequency tunable, continuous-wave THz source known as a two-color, optical-heterodyne, or photomixer system. 27 The system ( Fig. 1) operates by pumping a gallium-arsenide/lowtemperature-grown gallium-arsenide (GaAs/LTG GaAs) heterostructure fabricated with interdigitated electrodes and a log-periodic antenna with two frequency-offset near-infrared (NIR) diode lasers (Toptica DL-100, k 0 ¼ 853 6 3 nm). Photocarriers are excited in the LTG GaAs layer by the NIR radiation and form Hertzian dipoles under the bias of the electrodes. LTG GaAs has the ideal properties of high carrier mobility and fast recombination times that allow the beat frequency of the mixed pumping beams to modulate the amplitude of the Hertzian dipoles, causing the photomixer to radiate a THz signal equal to the difference frequency of the two pump lasers. A hyper-hemispherical silicon lens fixed to the photomixer initially collimates the THz beam. The emitted radiation is then sent through a set of gold-plated off-axis parabolic mirrors that further collimate, focus to a sample, then re-collimate, and finally focus onto a detector in the manner seen in Fig. 1 . The detector consists of a room temperature operated Schottky diode detector manufactured by advanced compound semiconductor technologies (ACST) at the Technical University of Darmstadt. 28 The THz signal is electronically chopped by modulating the photomixer bias, using a function generator which also acts as a reference for a lock in amplifier (LIA) that monitors the signal. The two diode lasers are frequency tunable, and a spectrum of THz frequencies is produced by tuning the frequency difference of the two lasers. The frequency of the THz signal is measured at regular intervals using an optical spectrum analyser (OSA) to determine the frequency of each of the diode lasers and hence their difference. The ZnTe wafers are placed in the beam path of the THz radiation, and a spectrum is taken by measuring the transmitted intensity as a function of frequency from 0.15 to 1.0 THz at a resolution of 0.001 THz. A wire-grid linear polarizer is also placed in the beam path before the sample to ensure polarization of the incident radiation. The ratio of the sample spectrum with a reference spectrum gives the experimental transmittance.
B. Analysis
For the purposes of analysis the thickness of each wafer was measured separately and taken as a known constant. Our theoretical model therefore consists of six variable parameters ð0Þ; ð1Þ; x TO ; C; x p , and c. The transmittance is nonlinearly dependent on these parameters. The theoretical transmittance is fitted to the experimental data using a MarquardtLevenberg nonlinear least-squares fitting algorithm implemented by a standard graphing application (WaveMetrics: Igor Pro). Unlike a fitting function with linear dependence on its variable parameters, there do not exist exact solutions for the optimal parameters and their respective uncertainties for fitting functions with nonlinear parameter dependence. 29 Multiple minima for the variance-of-fit will often exist, making the fit, and therefore the resulting parameter values, sensitive to the initial values used for the fitting algorithm. 29 Furthermore, the uncertainties generated by the covariance matrix are linear approximations and are underestimated as they neglect the cross-correlation between each parameter. 30 In order to obtain accurate parameter values with genuine uncertainties, we implement a multiple-step fitting process utilizing the established bootstrap method. [29] [30] [31] The first step involves a Marquardt-Levenberg nonlinear least-squares fit of the experimental data, with all but one of the fitting parameters fixed using initial conditions gathered from the literature. Once the varied parameter has been adjusted to its best fit, it is then fixed and a subsequent parameter is varied. Results that produce nonphysical values are rejected, and the process is repeated after adjusting the initial conditions. After this process the same fitting procedure is performed with all of the parameters freely variable. The results of this fit are then used in a bootstrap procedure to determine the optimal parameter values and uncertainties.
The bootstrap procedure involves generating a large number of synthetic data tables using the theoretical fitting function and parameter values produced by the last fitting algorithm. An effective experimental noise is applied to each of the synthetic data tables by adding values randomly sampled with replacement from the residuals table that is a result of the difference between the experimental data and the Marquardt-Levenberg fit. The Marquardt-Levenberg nonlinear least-squares fitting algorithm is then applied to each of the synthetic data tables producing a new set of optimal parameter values for each table. The parameter values for each fit are stored in their own tables, generating a population of possible values for each parameter. The optimal parameter values are then determined by statistical analysis of the parameter populations.
To be sure the optimal parameter values are reliable, the cross-correlation coefficients for each parameter pair are also calculated for every bootstrap fit. Statistical analysis of the cross-correlation coefficient populations allows us to monitor any cross-correlations between the parameters that would affect the accuracy of the results. As a rule of thumb, parameters with high cross-correlation will have crosscorrelation coefficients with magnitudes beyond 60:95 with 61:0 representing complete correlation. 29, 30 We also monitor cross-correlations by observing scatter graphs produced by plotting the bootstrap determined parameter values against each other. Cross-correlated parameter pairs will produce a dependent curve when plotted against each other. Uncorrelated parameter pairs will have circular scatter graphs with Gaussian cross-sections. 30 FIG. 1. Two-color THz spectrometer setup for measuring semiconductor transmittance.
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IV. RESULTS AND DISCUSSION
In this section the experimental measurements are presented along with the theoretical fits produced using the optimal parameter values obtain through the bootstrap analysis. The results of the analysis are then tabulated with a comprehensive list of other results taken from the literature. While our new values are consistent with the previously published values, the table demonstrates the spread in the accepted values and highlights the need for accurate results. Finally, a discussion on each variable is given, with consideration given to the previously published values.
A. Measurements
The spectrum of a 0.5 mm ZnTe wafer is shown against a reference spectrum in Fig. 2 . The characteristic water vapor absorption lines are observed at 0.55 and 0.75 THz. The interference fringes (or Fabry-Perot oscillations) due to internal reflections at the sample/air interfaces evident in the sample spectrum are easily resolved by the spectrometer. Even without detailed analysis, the relatively high resistivity of the sample can be seen in the spectrum. The maxima in the fringes is approximately equal to the reference spectrum, indicating low absorption. The ratio of the sample spectrum with the reference spectrum gives the transmittance, shown in Fig. 3 for 0.3, 0.5, and 1.0 mm wafer thicknesses. The FabryPerot oscillations now dominate the transmittance data and are used to aid the theoretical fitting. The separation of these fringes is approximately 0.16, 0.10, and 0.05 THz for the 0.3, 0.5, and 1.0 mm samples, respectively. Outlying data points in the transmittance plots are attributed to random noise in the measurements. Points where the transmittance is greater than 1.0 occur when the sample measurements have experienced noise giving a higher signal relative to the reference measurement. In particular, there are consistent outliers at the 0.55 THz water absorption peak, when both the reference and sample spectra exhibit a low signal to noise. When performing the fitting algorithm these points are masked to assist in a better fit.
B. Dielectric parameters
The results of the bootstrap analysis used to plot the theoretical curves in Fig. 3 are given in Table I . They represent the rounded average parameter values taken over 1000 bootstrap samples with the uncertainty given as the standard deviation rounded to the nearest significant figure stated for the parameter value. We have converted the angular frequencies (x) stated in Sec. II to usual frequencies () which are more often reported. Since the plasma frequency ( p ), collision frequency (c), and phonon damping (C) parameters all depend on an individual sample's doping and crystal imperfections, they are often not reported and thus have not been included in many of the previous results. They have been left in this analysis to demonstrate the capability of this technique. A more detailed discussion of the results for each parameter will follow.
Low and high frequency dielectric constants
Both the low and high frequency dielectric constants are intrinsic optical properties of the crystal. It is for these parameters where there is the biggest variance in previously published values. Due to the low frequency, relative to the phonon frequency, at which these measurements are performed, we expect accurate results from the low frequency dielectric constant. This is evident in how the results compare with each other and the reviewed literature. By taking an average of the results for each wafer and using the upper and lower limits of their respective standard deviations as an uncertainty, we conclude that the low frequency dielectric constant is ð0Þ ¼ 9:8 6 0:2. When fitting this parameter, it was noticed that it was very stable relative to the other parameters, but depended strongly on the sample thickness. Each sample was measured separately to confirm its thickness. It was found that a change of 1% in d could effect ð0Þ by up to 5%. The cross-correlation coefficients with respect to the rest of the parameters were generally less than 0.1, and the parameter value scatter graphs were circular with crosssections of approximate Gaussian distribution.
Even though the measurements were not performed at high frequency, we were able to obtain reasonably accurate results for the high frequency dielectric constant. We attribute this to the fringe depth and width being dependent on this parameter. Our results fall within the spread of the previously published values and give an average value of ð1Þ ¼ 7:3 6 0:6 with the uncertainty representing the upper and lower limits of the standard deviation from each wafer. The large uncertainty can be attributed to a higher cross-correlation, particularly with the transverse optical phonon and plasma frequencies. Average cross-correlation coefficients for these pairs of parameters were around 0:6 6 0:2. This is expected as each of these parameters contributes to separate terms in the dielectric function model. This was also confirmed by observing a slight linear dependence in the scatter graphs for each of these parameter pairs. Nevertheless, since the fitting algorithm was able to converge and the cross-correlation coefficients were much lower than 0.95, we are confident that the results are accurate.
Transverse optical phonon and phonon damping frequencies
While the phonon frequency is an intrinsic property of the crystal, the damping constant will depend on the particular purity of the sample and is therefore not an intrinsic crystal property. Hence most of the reviewed literature only reports on the phonon frequency. Whilst the previously reported results agree within the uncertainty of the values presented in this article, the large deviation from the general consensus evident in Table I of TO % 5:3 is notable. The accuracy does seem to increase with sample thickness. The uncertainty may be attributed to both the slight cross-correlation between the high frequency dielectric constants (described above) and the fact that the measurements have been taken in the sub-THz (<1:0 THz) region. The sub-THz frequency region is an order of magnitude lower than the phonon resonance, and therefore we would expect much weaker coupling to the optical phonon. Many of the previous measurements 10, 13, 22 were performed in reflection using far-infrared spectrometers which allows direct observation of the reststrahlen band. From this, the optical phonon frequencies can be directly determined with considerable accuracy as the actual structure of the resonance is observed. Taking an average of our results for each wafer gives TO ¼ 6:0 6 1:3 THz with the uncertainty adjusted to encompass the full spread of the uncertainties for each wafer's results.
Plasma and collision frequencies
The plasma and collision frequencies represent the resonant frequency and damping of the charge carriers in the conduction band. As previously mentioned, these parameters are TABLE I. Optical parameters for ZnTe at room temperature determined by a statistical bootstrap analysis of the theoretical fits in Fig. 3 sample dependent and not intrinsic properties of the ZnTe crystal. This is why they do not appear in the reviewed literature. It could also explain the discrepancy between the results of the 1.0 mm sample compared to the others. While the 0.3 and 0.5 mm samples were obtained from one supplier the 1.0 mm sample was obtained from another and is likely to be of a different purity. The results of these parameters are, however, useful in determining the resistivity or carrier concentration of a particular sample. For example, using the results from the 0.5 mm sample and the form of the plasma frequency given earlier (x 2 p ¼ ne 2 =m Ã 0 ð1Þ), we calculate an approximate carrier concentration of n % 1:0 Â 10 14 cm À3 . This result agrees with concentrations for high resistivity ZnTe at room temperature. 17 We have used an effective electron mass of m Ã ¼ 0:151m e in this calculation.
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V. CONCLUSIONS
In summary, we have measured the transmittance of three ZnTe crystal wafers with different thicknesses using continuous-wave THz radiation. The transmittance spectra of these wafers allow the determination of the optical parameters of ZnTe by fitting the experimental data with theoretical curves calculated using a simple Drude-Lorentz dielectric function. The optical parameters include the low and high frequency dielectric constants and plasma and phonon frequencies as well as their damping constants. Due to the nonlinear dependence of the transmittance on these parameters, a statistical approach such as the bootstrap method should be used to obtain accurate values with genuine uncertainties. We show that our results fall within a broad range of acceptable values, which highlights the uncertainty in documented ZnTe optical parameters. Accurate knowledge of these parameters allows the calculation of carrier concentration and sample resistivity and demonstrates how a two-color photomixing THz source can perform as a semiconductor characterization tool. The excellent frequency precision, ability to perform contactless measurements, and low start up costs (particularly with their further developments to operate at telecommunication wavelengths) suggests that a two-color THz spectrometer is a good candidate for industry application.
